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ABSTRACT 
A STUDY OF THE NDT TECHNIQUES USING ULTRASONIC PULSE VELOCITY 




 In this study, two nondestructive testing (NDT) techniques were investigated to study the 
ultrasonic pulse velocity and water cement ratio of self-consolidating concrete (SCC) and 
traditional vibrated concrete (TVC). The ultrasonic pulse velocity test is one of the most useful 
nondestructive methods to determine the properties of concrete. It is also important in structural 
engineering where it can detect defects and determine deterioration. In order to reach these 
purposes, there are several ultrasonic wave propagation characteristics that should be taken under 
consideration such as: velocity, attenuation, frequency, and energy. For the purpose of this study, 
3 specimens from each mix design batch of conventional and self-consolidating concrete were 
tested in the laboratory at 1, 3, 7, 14, and 28 days after their casting to measure the pulse velocity 
and the compressive strength. The relationship between the pulse velocity and Young’s modulus 
of those concrete specimens was determined. The ultrasonic pulse velocity test can be performed 
with a simple setting that includes: two transducers, a pulser-reciever unit, and the data 
acquisition system. The two transducers were to conduct direct transmission. Test results showed 
that dynamic Young’s modulus could be obtained from the wave velocity measurement but the 
dynamic Young’s modulus is higher than those static Young’s modulus calculated from the 
compressive strength for both conventional and self-consolidating concrete. The results also 
show that self-consolidating concrete has higher compressive strength at early ages compared to 
conventional concrete.  
 
Since the self-consolidating concrete (SCC) is highly influenced by the changes in water 
content, it is important to develop on-site methods to determine water to cement ratio, which 
would be useful for on-site applications.  In this thesis, the standard method for water content of 
freshly mixed concrete using microwave method was tested on both conventional concrete and 
SCC to determine their on-site water to cement ratio. Two testing procedures were used 
following AASHTO T318-02, which included the use of non-sieved concrete samples and sieved 
concrete sample. Both methods were used to determine the w/cm ratio for the conventional Fly 
Ash concrete and SCC with different accuracy ranges between the two. The average error for 
TVC is 5.13% and for SCC is 10.35% using non-sieved concrete samples. However, the results 
showed that the current method using sieved concrete samples would not provide the same 
accuracy. The modified method using sieved concrete samples for both SCC and conventional 
concrete samples provided higher error because the sieved method provides an inaccurate 
amount of cement powder being extracted.  
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CHAPTER 1: Introduction  
1.1 Background 
Concrete is known as one of the basic materials in most of the engineering projects. 
There are many different variables that could affect the performance of concrete such as: water 
to cement ratio, type and size of aggregates, temperature, relative humidity and curing of 
concrete. The behavior of the mechanical properties of concrete such as the compressive strength 
is correlated by those variables. In this thesis, two types of concrete were tested; two different 
experiments were done on both conventional concrete and self-consolidating concrete to 
determine the relationship between those properties and variables. Self-Consolidating concrete 
(SCC) is a new type of concrete that is highly flowable and has the ability to spread and fill the 
formwork without any external compaction. As compared to traditional vibrated concrete (TVC), 
the cost of SCC material is slightly higher since it requires more cement and chemical 
admixtures, but it would save construction time and effort by requiring less labor, therefore the 
total cost can be less than TVC.  
 
1.1.1 SCC 
Self-consolidating concrete (SCC) is a highly flowable, non-segregating concrete (where 
the coarse aggregate and the cement paste aren’t separated). It has the ability to fill the formwork 
and spread without the need of an external consolidation (Self Consolidating Concrete, 2004). 
Other than being highly flowable, the SCC has a passing ability and it is considered to be a very 
stable kind of concrete. SCC is considered to be stable since it would remain homogenous and 
wouldn’t segregate. There are two different kinds of stability; dynamic stability: which means 
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the concrete would stay stable during transferring and placing, and static stability: which means 
when the concrete is already placed but not hardened yet, the aggregate wouldn’t be steady and it 
doesn’t bleed. When making SCC, high range water reducers (which makes it a highly flowable 
material) and more fine materials are used. A very high strength concrete with a low 
permeability can be achieved by proportioning it for low water-cement ratios. 
 
The SCC is known as a valuable material in construction where it flows through tight 
spaces which may otherwise be impossible to cast and can flow into complicated areas such  
with heavily reinforcing bars or in areas where there can be no access to vibrators.  (Palmer, 
Self-Consolidating Concrete, 1999). 
 
1.1.2 NDT  
Non-Destructive testing (NDT) is known as a quality control method. It can be used to 
determine the properties of a material, system or component without destroying the material that 
is being tested. The non-destructive testing uses: infrared radiation, radiography, ultrasound, x-
rays, and many other techniques to inspect material properties, structural flaws, and other kinds 
of material defects. The techniques used in NDT testing are usually easy and fast methods that 
don’t require a lot of wait and calculations. Those techniques could be used in high-risk areas 
such as: nuclear and sea shore structures, gas and oil pipelines. 
Non-destructive tests are considered very useful since they can be used to control 
manufacturing processes, insure product integrity, lower production cost, and maintain the 
material quality level. There are many testing methods that are considered as non-destructive 
methods and here are some examples: Ground Penetrating Radar (GPR), Laser Testing Methods 
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(LM), and Ultrasonic Testing (UT). The ultrasonic pulse velocity technique has the lowest cost 
of use when compared with other non-destructive methods and it is convenient and takes less 
time to employ (Gebretsadik B. T., 2003) (CARINO, 2004). 
 
1.1.3 Water to Cement Ratio of Concrete 
The water-cement ratio is defined as the ratio of the weight of water to the weight of 
cement used in the concrete mix. A w/c ratio of 0.2 means that for every 100 lbs of cement used 
in the concrete mix, 20 lbs of water is added. Water and cement are the two responsible 
ingredients for binding everything together in the concrete mix. There is a relationship between 
the strength of concrete and the w/c of that concrete mix. When the mix design has a lower w/c, 
the strength of concrete would be higher. And that’s because water addition would produce a 
diluted paste that is susceptible to cracking and shrinkage, which is the reason why the concrete 
would be considered weaker. When the fresh concrete that has a high w/c is placed, the weight of 
aggregate would let the excess water squeeze out. When there is a large amount of excess water, 
it would reach out to the surface. As a result, the small areas inside the concrete could allow 
water to flow, which would turn into micro-cracks. The amount of water used in the mix design 
of concrete is considered to be one of the most significant factors that could influence the 
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1.2 Objectives and Scope 
The objectives of this research are to determine the water to cement ratio of concrete 
samples using the microwave method and determine whether this method is workable or not for 
both conventional concrete and SCC, and to compare the behavior between these two materials.  
One more objective of this research is to apply the ultrasonic pulse velocity method on concrete 
samples from both conventional concrete and SCC to determine the material’s modulus of 
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CHAPTER 2: Literature Review  
2.1 Self Consolidating Concrete (SCC) 
2.1.1 History of SCC  
In the late 1980’s Japan introduced the idea of making the self-consolidating concrete as a better 
quality of concrete. After realizing that the regular concrete lacks some characteristics such as 
being stable and fully compacted which are needed to improve the performance of concrete 
structures. Full compaction of concrete on site was never considered a guaranteed idea, so as an 
alternative solution the focus turned onto developing a new kind of concrete, which doesn’t 
require vibration in order for it to be compacted. That was the reason behind developing the first 
practicable SCC by the researchers at the University of Tokyo, and then the large Japanese 
contractors (e.g. Kajima, Maeda, Taisei etc.) immediately took this idea. The contractors used 
their facilities to create several SCC techniques. There several different mix designs and different 
test methods from these companies, (Civil Engineering , 2010), (Kazumasa OZAWA, 1992), 
(Hajime Okamura, 2003). 
 
The development of a new generation of Superplasticizers (high-range water reducers), 
which are the Polycarboxylate helped transfer the idea of SCC to Europe in the 1990’s. The 
technology has undergone a remarkable progress especially in Sweden, France, and UK. It was 
expected that the regular concrete would be placed with the new SCC in general construction 
areas in the UK. After a while, the SCC was also available in North America as a concrete mix 
offered by Lafarge and Lehigh and some cement manufacturers subsidiaries (Hurd, 2002).   
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2.1.2 Advantages and Limitations of SCC 
As mentioned earlier that SCC can reach full compaction without the need of vibration 
that explains the fact that SCC is a better alternative than the conventional concrete. When using 
SCC one can save time and effort by requiring less on-site workers, machinery, and energy that 
would lower the overall costs. One of the benefits is also improving health and safety by 
eliminating the usage of vibrators that would result in a less noisy working place that wouldn’t 
require hearing protectors (Civil Engineering , 2010). The SCC provides a high level of quality 
control since the chemical admixtures are compatible and its ingredients are sensitive of the 
moisture content. It could provide a high quality finish particularly when dealing with 
architectural applications, cast in place constructions, and also precast constructions. It reduces 
the need of patching for surface defects and insures a better quality covering for the 
reinforcement bars. When using SCC the quality, durability and reliability of concrete structures 
could be improved since it’s a better compacted and homogenous material. It is considered to be 
as an easy to place material especially when dealing with limited access elements. The byproduct 
materials such as: fly ash, quarry fines, and limestone dust would have a chance to be used when 
using the SCC (Tarun R. Naik, 2004). The formwork removal could be done easily and with less 
time for the SCC since it has a higher early strength compared to normal concrete. Other than the 
benefit of having the chance to save time and cost, implementation of SCC could also produce 
high quality structural members since it has low segregation, this would assure the perfection of 
performance.   
Although there are many advantages of using SCC in construction, there are also many 
limitations resulted from the lack of knowledge and experience. The selection of material used to 
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make the concrete could be more restricted compared with normal concrete. It also requires more 
accurate measurements and monitoring of the basic elements. Controlling the moisture content of 
the fine aggregate is important; it could affect the physical flow of the SCC even with only 1% 
change. It would require some time and effort since it requires more trial batches at both 
laboratories and concrete plants. As for the material cost, SCC is considered to be more costly 
compared to regular concrete.  
2.1.3 Developing SCC Mix Design Properties 
In order for the SCC mix design to be considered as an acceptable mix; it must meet three 
main characteristics given as follows:  
1. Ability to flow into all areas of the formwork and fill complex forms under its own weight. 
2. Ability to pass and flow through congested reinforcements such as: tight spaces between 
steel reinforcing bars, under its own weight.  
3. The SCC must be able to resist segregation and remain uniform during transportation and 
placing. (Ouchi, 2003)  
2.1.4 Test Methods of SCC 
Many different methods have been introduced to characterize the SCC properties. No one 
yet has developed a method that could describe and introduce all those properties at once. 
Conventional workability methods designed for regular concrete mixtures are not sufficient for 
self-consolidating concrete, because they lack sensitivity while detecting segregates. Special test 
equipment and methods were designed to fit the criteria of SCC mixtures. Filling ability, passing 
ability, and resistance to segregation must be tested independently. A slump flow test could be 
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used to test the filling ability, a j-ring test for the passing ability, and the penetration test for the 
segregation resistance ability. (Fowler, 2007)  
Before sending any SCC batch to the jobsite, a check should be done before the start of 
every project. Workers must follow the guidelines that show the instructions in order to test the 
concrete whether at the production or the casting sites. ASTM provides several test methods to 
measure the SCC characteristics such as: ASTM C173 (Standard Test Method for Air Content of 
Freshly Mixed Concrete by the Volumetric Method) (ASTM, 2016). ASTM C1621 (Standard 
Test Method for Passing Ability of Self-Consolidating Concrete by J-Ring). Its performed in the 
same way of the slump flow test, but this particular test measures the difference in height of 
concrete inside and outside of the j-ring and should be done immediately after the slump cone is 
lifted (ASTM, 2014). ASTM C1712 (Standard Test Method for Rapid Assessment of Static 
Segregation Resistance of Self-Consolidating Concrete using penetration test). This test can be 
performed in the laboratory or before the placement of the mixture in the field (ASTM, 2014). 







	   9	  
 
Table 2.1 – Fresh properties requirements for site acceptance of Class S-P concrete (Chen 
et. al., 2012) 
 
Fresh Property Acceptance Criteria 
Air Content (ASTM C173) Target ±2.0% 
Consistency (ASTM C1611) Target Spread ±2.0 in.  
2 seconds ≤ Measured T50 ≤ 7 seconds  
Visual Stability Index ≤ 1.0 
Passing Ability (ASTM C12621) J-Ring Value ≤ 1.5 in. 
Rapid Segregation Resistance (ASTM 
C1712) 
Penetration Depth (PD) ≤ 0.5 in. 
 




ASTM C1611 (Standard Test Method for Slump Flow of Self-Consolidating Concrete) 
This test can be done to observe the consistency of the SCC and its unlimited flow potential. It 
includes filling a slump cone then lifting the slump cone to measure the horizontal distance the 
concrete spreads (ASTM, 2014). According to ASTM C1611 the stability of SCC is ranked by 
VSI (visual stability index) from 0 to 3 as shown in Figure 2.1; (a) VSI = 0, Concrete Mass is 
Homogeneous and No Evidence of Bleeding. (b) VSI = 1, Concrete Shows Slight Bleeding 
Observed as a Sheen on the Surface. (c) VSI = 2, Evidence of a Mortar Halo and Water Sheen. 
(d) VSI = 3, Concentration of Coarse Aggregate at Center of Concrete Mass and Presence of a 
Mortar Halo  
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Figure 2.1 - VSI Criteria (ASTM, 2014) 
 
 
2.1.5 Materials and Mix Proportions 
 Generally the SCC and the conventional concrete are both made using the same 
materials. There are many approaches that have been used to develop SCC.  Increasing the 
amount of fine materials with keeping the water content same as conventional concrete could be 
considered as one method to obtain the self-compacting property. Another alternative way could 
be using a viscosity-modifying admixture (VMA), which could improve stability. In order to 
develop a mix with high deformability and sufficient workability that could result in having a 
good segregation resistance, VMA and an adequate amount of Superplasticizer (SP) must be 
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used (Umar, 2011). The addition of more SPs to the conventional concrete wouldn’t be enough 
to develop a SCC with the same workability. The passing ability could be improved by the usage 
of some filler materials.  
 
 The mix proportions procedures for SCC differ than those used for conventional concrete 
mix designs since its characterized by certain properties. The SCC mix can be developed using 
different methods, one is by using high powder content. Another method is by using viscosity-
modifying admixtures, or by combing both together (Manoj R. Vyawahare 1, 2015). The SCC 
mix can be obtained by following some guidelines such as: (1) Reducing the volume ratio of 
aggregate to cementitious material. (2) Increasing w/c and paste volume. (3) Control the total 
volume and the maximum coarse aggregate particle size. (4) Using different kinds of VMAs 
(Rajeev, 2012).  
 
Aggregates 
There are several shapes of aggregates that could be used to produce SCC such as: 
natural aggregate, rounded, semi-crushed, or crushed aggregates. The performance of the fresh 
and hardened concrete depends on the characteristics of the aggregates used in the mix. The 
volume of the paste that covers all particles is affected significantly by the shape and size of the 
coarse aggregate. Normally uncrushed gravel often requires less paste or mortar than limestone, 
but Granite would require more mortar volume. The interlinking of the angular particles in the 
crushed aggregates results in less flow, while rounded aggregates produce more flow due to less 
internal friction (O. R. KHALEEL 1a, 2011). 
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The usage of a well-graded aggregate source could result in an economical SCC 
production. It is possible to use poorly graded aggregate in SCC mixes, but it would require more 
viscosity to prevent segregation. The passing ability could be affected by the size of the 
aggregate; a high maximum size requires a decreased coarse aggregate content. The amount of 
reinforcement bars and the gaps between them specifies the choice of maximum size of 
aggregate that would prevent aggregate blocking. Two parameters could ensure the best coarse 
aggregate content; maximum size of aggregate and the shape of the coarse aggregate. A high 
coarse aggregate content requires a lower maximum size. On the other hand, the possibility of 
using a high coarse aggregate content would increase with the use of rounded shape aggregates 
(Umar, 2011). Aggregates have an indirect influence on hardened properties; the mixture 
proportions that set the workability level can affect those properties more than the aggregates 
themselves. Aggregate characteristics can be described using packing density, which is affected 
by the geometrical properties such as: shape, angularity, texture, and grading.  
 
Chemical Admixtures 
The main chemical admixtures used to produce SCC are: high-range water reducing 
admixtures (HRWRAs) and viscosity-modifying admixture (VMAs). It is also possible to use 
air-entraining admixtures and set-modifying admixtures to produce a successful SCC mix. The 
polycarboxylate-based HRWRAs are considered as an improved kind of HRWRAs used to 
produce SCC, which has made the adoption of SCC much more easier than ever. The 
polycarboxylate-based HRWRAs have a lot of advantages compared to the sulfonate-based 
HRWRAs; they require fewer dosages, doesn’t effect setting time as much as sulfonate-based 
HRWRAs, maintain high workability, and increase stability. What makes them different than 
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each other is their structure and mode of action. The usage of polycarboxylate-based HRWRAs 
results in producing rheological characteristics that could improve the production of SCC (Jung, 
2007). 
  
The viscosity-modifying admixtures are used to increase many properties of the concrete 
mixture such as: yield stress, plastic viscosity, thixotropy, and shear thinning degree. They can 
be used to improve many properties of the SCC applications such as: resistance to segregation, 
increase cohesion, bleeding reduction, allow using wide-range materials such as gap-graded 
aggregates, and more importantly reduces the effect of variations in materials and proportions. 
They can be used as a substitute that could increase the powder content or reduce the water 
content in the concrete mixture. It is better to produce SCC mixtures without including VMAs if 
possible. When controlling the moisture content of an aggregate becomes a problem, it is 
necessary to use VMA. Another situation that would require using VMAs is when dealing with 
mixtures with poorly graded aggregates or minimum powder content (Jung, 2007). 
  
In order to attain sufficient air content, air bubble size, air bubble spacing, and resistance 
to freeze-thaw the SCC mixture must contain air-entraining admixtures (AEAs). The change in 
the volume of air in the concrete depends on the change in the volume of paste for SCC, and both 
could effect the change in the percentage of air volume in the paste. Viscosity of the mixture can 
be reduced as a result of the entrained air bubbles that can affect the stability of the concrete and 
requires other solutions such as reduced water content. Researches have found that air void 
system in SCC can maintain its stability even after agitation. As a conclusion, segregation and 
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loss of air would occur when yield stress and plastic viscosity are too low. In contrast the internal 
pressure of air bubbles would increase when they are too high (Jung, 2007). 
 
Cement 
 One of the SCC mix design properties is that it includes more cementatious materials 
than conventional concrete and the reason behind that is to achieve desired flowability. The 
usage of cementatious materials may have some disadvantages such as: higher heat of hydration, 
higher cost, higher shrinkage ability. It is possible to use all standard types of Portland cements 
to produce SCC mixtures. Cement characteristics have a significant influence in the performance 
of the admixture (Jung, 2007). 
 
Supplementary Cementitious Materials 
 Nowadays supplementary cementitious materials (SCMs) are used in most of the high-
performance concrete mixtures as they have a lot of advantages. The performance of the concrete 
could be highly improved by the usage of SCMs; decrease cost, enhance workability, reduce heat 
of hydration, and improve durability. There are many kinds of SCMs that can be used in concrete 
mixes but the most common ones are: fly ash, silica fume, and slag cement (Supplementary 
cementitious materials, 2009). Researchers have discovered that the replacement of cement by 
class F fly ash resulted in improving workability of the concrete, but it would lower its 
compressive strength at early ages. Using the class F fly ash as a major constituent of concrete 
mixes has several advantages such as: reduce the need of super-plasticizer (SP), increase the 
chloride permeability resistance, and increase workability. Following this further, the mechanical 
properties and the durability of the concrete mixture are highly affected by the usage of silica 
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fume and slag. SCC mix designs with a combination of fly ash, slag, cement, and VMA could 
result in an economical mixture with required properties (Enad Mahmoud, 2013). 
 
2.1.6 Placing, Transferring, and Curing of SCC 
 Although SCC has an advantage when it doesn’t require a lot of time for placing, but it is 
important to balance the plant production capacity, placing capability, and transportation 
duration so that the concrete could be placed within the desired time and without any shortage in 
supply. Lift lines could occur on the vertical surface of the concrete and the filling ability could 
be affected due to continuous stops during production time (Specification, Production and Use, 
2005). 
 
There are many different methods that could be used to transfer SCC such as: mixer 
trucks, sidewinders, pumping, clam buckets, overhead cranes, and forklifts. Each method should 
be done in a way that ensures a satisfying job by not causing segregation. Sufficient amount of 
SCC should be available when casting the mold to decrease the chance of having cold joints, 
pour lines, and prevent segregation. Mixer trucks are considered to be one of the most useful 
methods used to deliver SCC especially when used in rough areas and for long distances (Curtis 
Badman, 2003). The time needed for discharging the concrete at the jobsite could be shortened if 
there was a close connection between the concrete producer and the contractor. The concrete 
producer’s technicians or any consultant familiar with the concrete performance are responsible 
of any additional necessary adjustments. Preventing delays is highly required in placing and 
delivering to ensure the quality control of the concrete.  
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Curing concrete means protecting its moisture content and controlling its temperature 
range. There are many advantages of curing the concrete such as: increases strength of concrete, 
increases abrasion resistance, reduces the chance of concrete scaling, prevents cracking, and 
reduces the chance of surface dusting. Curing is an essential step in all concrete constructions, 
but it is considered to be more important when it’s done for the top surface of SCC. The low 
water/fines ratio and high amount of paste in SCC makes it an easy target for surface drying 
which could lead to shrinkage cracks as a result of losing moisture at early ages. Curing should 
be done as soon as practically possible. Fog misting and evaporation retardants are very useful to 
prevent surface curing problems (Ontario, 2009).  
 
2.1.7 Mechanical Properties of SCC 
	   The study of the properties of hardened concrete is important and provides a better 
understanding of whether structural members made with SCC could be calculated with the same 
design rules of the regular concrete. The hardened properties are useful for the design and quality 
control of concrete. There are many different mechanical properties that should be tested for 
SCC such as: compressive strength, tensile strength, modulus of elasticity, shrinkage, creep, 
coefficient of thermal expansion, bond to reinforcement, shear force capacity in cold joints, and 
fire resistance. (Specification, Production and Use, 2005) 
 
Compressive Strength 
The compressive strength is considered to be the most important compared to all other 
mechanical properties. There are several factors that could affect the compressive strength of 
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concrete such as: specimen size, load rate, and curing conditions. The ASTM C39M – 11 
“Standard Test Method for Compressive Strength of Cylindrical Concrete Specimens.” was 
developed to control differences in testing and results. This test method is used for molded 
cylinders and drilled cores and is limited to no more than 800 kg/m3 [50 lb/ft3] density of 
concrete (ASTM, 2011). The SCC and the normally vibrated concrete have almost the same rate 
of gain of compressive strength when they are made with the same amount of cement and 
water/cement ratio is the same, but they would vary when using limestone-type additions. 
Researchers have found that the compressive strength increases significantly for all ages of the 
concrete up to 28 days (technology, 2012). 
 
Tensile Strength 
 Any class of compressive strength could be used for SCC; the tensile strength could 
easily be the same as the one used for conventional concrete since it wouldn’t be highly affected 
by the volume paste of the concrete. The bending tensile strength of concrete has many 
significant uses during the design of reinforced concrete sections. It could be used to estimate 
cracking moment in prestressed sections. Thermal contraction at early ages could cause width 
cracking and spacing, which could be controlled by the bending tensile strength (Specification, 
Production and Use, 2005). 
 
The tensile strength of SCC is evaluated by the splitting test on cylinders. This test is 
defined in ASTM C 496-11, “Standard Test Method for Splitting Tensile Strength of Cylindrical 
Concrete Specimens” (ASTM, 2004). Researches have found that hardened SCC has a tensile 
strength same or even better than conventional concrete. As compared to normally vibrated 
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concrete, some considerable differences were obtained for the values of SCC as they were up to 
40% higher (Marian Sab, 2012).   
 
The efficiency of the compaction and curing of the concrete in a structure influences the 
strength of the concrete. Some researchers have studied the correlation between the tensile 
strength and aggregates and their influences on the concrete performance. They have showed that 
tensile strength is affected by several factors such as: bond strength between cement paste and 
aggregate, resistance of crack, and shear. Other researchers have shown that tensile strength 
could be higher than normal concrete when using high-strength concrete (f’c > 50 MPa) in 
penetration-resistant structures, which was a result of the usage of high-range water reducers, 
adding silica fume, and different curing conditions (Druta, 2003). 
 
Modulus of Elasticity 
The modulus of elasticity (E-value) is traditionally defined as the relationship between 
stress and strain. The modulus of elasticity could be useful in different aspects such as: 
calculating deflection, works as a controlling parameter in slab design, and of pre or post-
tensioned sections. The relationship between the modulus of elasticity and compressive strength 
could be influenced by two important variables such as: the aggregate characteristics and the 
different mineral admixtures. The E-value, type, and the amount of aggregate used in concrete 
have the most significant impact on its performance since aggregates constitute the largest 
percentage of the volume of concrete. There is a proportional relationship between the E-value of 
aggregate and the E-value of concrete; the usage of an aggregate with high E-value results in 
high modulus of elasticity of concrete. On the other hand the relationship between the E-value 
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and the volume of the paste is inverse. As compared to the E-value of conventional concrete, 
SCC has a lower value due to the high paste content. The maximum aggregate size could also 
affect the E-value of concrete; it would be higher when using 20 mm (3/4 in) maximum 
aggregate size than using 16 mm (5/8 in) maximum aggregate size. It has been found that for a 
given compressive strength, using mineral admixtures results in an increment in the value of the 
modulus of elasticity of the mixture. Each type of the different mineral admixture used has a 
different impact on increasing the E-value of the mixture; it increases based on the following 
order of the different types: fly ash, limestone filler, and lastly ground-granulated blast-furnace 
slag (GGBFS) (Specification, Production and Use, 2005) (Angel Vilanova, 2012).   
 
When concrete is subjected to uni-axial load, the ratio of the axial stress to the axial strain 
of that material would be considered as the static Young’s modulus (E). It is important for 
structural engineers to know the value of E since it is usable in the design process. The dynamic 
Young’s modulus can be determined using the non-destructive dynamic methods. But the 
obtained dynamic Young’s modulus wouldn’t be usually accurate since it differs than the static 
one; it usually has a higher value. It is known that Ed values for a given concrete specimen 
determined using different dynamic methods would differ from each other (Philleo 1955). In 
general, Ed values obtained from ultrasonic pulse velocity test using wave propagation are known 
to be higher than those determined using other vibration methods for the same concrete specimen 
(Popovics, 2008). The methods for the determination of dynamic Young’s modulus have many 
advantages over those for static methods; better accuracy, shapes and sizes of samples can vary, 
tests can be done under different temperatures, and more importantly the methods are 
nondestructive and thus tests can be repeated on the same sample.  
	   20	  
 
Creep and Shrinkage 
 The increase in deformation of the concrete elements resulted from the constant applied 
load is known as creep. The controlling factors of the properties of creep in conventional 
concrete are similar to those for SCC, which are: the mix water content, amount of cement used, 
and aggregates nature. The porosity of the cement paste of the mix and the type of cement affects 
creep since it occurs in there. As the strength of concrete increases creep reduces, due to the 
reduction of the porosity of cement paste during hydration. Researchers have found that when 
the water/cement ratio of the mix decreases, creep decreases as well. On the other hand an 
increase in the cement/powder ratio of the mix results in a decrease in creep if the amount of 
water remains the same. As for the type of cement used, the faster the cement hydrates the higher 
the strength is, which leads to lower creep with lower stress/strength ratio. As compared to 
conventional concrete, SCC could have a higher creep coefficient since its cement paste volume 
is higher when both have the same strength (Specification, Production and Use, 2005) (Marian 
Sab, 2012). The results of a study that was done by Krit (Kangvanpanich, 2002) about the early 
age creep of SCC show that creep of unsealed SCC was 1.4 times greater than normal concrete. 
And the creep of sealed SCC was 1.1 times greater than normal concrete.  
 
There are two kinds of shrinkage in concrete: autogenous and drying shrinkage. During 
hydration internal water consumption might occur which could be the reason behind the 
autodegous shrinkage that takes place during setting. Tensile stresses are the result of the fact 
that the volume of the cement and water before hydrating is higher than the volume of hydrated 
products, which explains the occurrence of autogenous shrinkage. As regards to drying shrinkage 
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it is resulted when concrete loses its water to the atmosphere, which could be from the 
aggregates or the cement paste. Researchers have proven that shrinkage in SCC is directly 
proportional to the paste proportioning. The volume of the paste could be considered as an 
essential parameter that influences the shrinkage in SCC. The probability of having drying 
shrinkage decreases as the volume of aggregate increases since it prevents the shrinkage of 
cement paste. The maximum aggregate size also affects the drying shrinkage; when the size 
decreases the shrinkage increases due to its relationship with the paste volume (Specification, 
Production and Use, 2005) (Nasr-Eddine Bouhamou, 2013).  
 
Bond to Reinforcement  
 The load bearing capacity of a reinforced concrete structures is significantly dependent 
on the performance of the bond between the reinforcing bars and the concrete. Adequate 
concrete bond strength has the ability to prevent failures in concrete structures. Based on many 
studies that have been done regarding the behavior of rebars in concrete, it have been proven that 
there are several factors that could affect that behavior such as: the rebars surface, the mix 
design, the number of load cycles, the direction of casting the concrete, and the specimen’s 
geometry. As compared to the conventional concrete the bond strength in SCC is greater due to 
its high fluidity and better filling ability (F. M. ALMEIDA FILHO, 2008) (Weibe, 2000). 
	  
	  
2.1 Water to Cement Ratio of Concrete (w/c)  
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2.2.1 Effects of water addition to concrete 
Water can be added to ready mixed concrete using a truck mixer when it arrives to the 
jobsite. The water used for addition could be from the unused or the surplus of the design mixing 
water during initial mixing which must be controlled regarding the purchaser’s need. The 
addition of water could be done to assure that the slump of concrete meets the specifications of 
the mix design. According to ASTM C94, “Standard Specification for Ready-Mixed Concrete” 
the slump and water to cement ratio of concrete must not be exceeded to ensure desired 
performance and workability of concrete (ASTM, 2016). The addition of water is associated with 
the characteristics of concrete; strength and cracking ability could be significantly affected by 
adding water as shown in Figure 2.2. It is possible to use water-reducing admixtures or 
superplacticizers instead of adding water to increase the slump of concrete, which could at the 
same time insure that the concrete properties remain the same (About concrete, 1995).  
 
 
Figure 2.2 - Effect of water addition to the compressive strength. (About concrete, 
1995) 
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The fact that water to cement ratio influences the workability of fresh concrete and the 
strength of hardened concrete was a well-known engineering concept ever since concrete was 
first used. Duff Abrams, an American researcher in the field of composition and properties of 
concrete, was the first to discover the relationship between w/c and strength in concrete in 1918, 
which was known as Abram’s Law. The relationship is explained in Eq. (1) as follows:  
𝑓!𝑐 =    !
!!/!
                                                                                                             (1) 
Where 𝑓!𝑐 represents the compressive strength of concrete, and A and B are experimental 
constants that show the effects of type of aggregate and cement used, curing and testing 
conditions, and age of concrete at time of test (K.S. Pann, 2003). 
 
The w/c of concrete must be controlled otherwise many negative outcomes could result. The 
inability to achieve desired compressive strength of concrete. The resulted high permeability 
could lead to less durability of concrete, which would highly affect its fresh properties. The 
workability, durability, strength and cost must all be taken under consideration during the design 
of a concrete mix. The consistency of concrete that is dependent of the slump of the mix, and the 
cohesiveness are the factors that affect workability. As for durability of concrete, it is influenced 
by the w/c of concrete and the permeability since it’s related to porosity.  
 
The determination of how much water could be added to concrete is important to ensure a 
good quality and performance. According to the general rule of thumb that water can be added to 
certain limit where it could regulate the slump of the material and meet the specifications so that 
w/c of concrete is not exceeded. It states that one gallon of water added increases the slump of 
one yard of concrete by 1 inch. Temperature and air content should be also taken under 
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consideration due to their effect on the amount of water needed to increase slump of concrete 
(Turici, 2013). As stated in ASTM C94 that adding water cannot be done after any significant 
discharge of concrete from the mixer, since neither the amount of concrete nor the impact of 
water added on the characteristics of concrete would be known. The slump and air content of 
concrete can be measured from a sample of the initial portion of the discharge according to 
ASTM C94 so that any improvements in the slump or air content could be done to the whole 
amount of concrete (ASTM, 2016).  
 
2.2.2 Controlling Water Content of SCC 
Controlling the water content in production is more important when dealing with SCC than 
the conventional concrete. The effects of the change in water content are measured in terms of 
fresh properties, durability, and strength. The source of those changes varies depending on the 
several parts of the process of concrete production and each has different effects. One source 
could be the change in water content in aggregates, which is considered as one of the most 
significant ones. Storing and transportation systems could be considered as another source; 
rainfalls and evaporations could result in an increase or decrease in the water content 
(Controlling water in self compacting concrete production, 2010).  
 
The performance of the concrete can be affected by the change in water content in different 
ways. It would affect the dry aggregate weight significantly; for every 1000 kg of dry aggregate 
weight a 10 kg change of aggregate placed into the mixer would result if a change of 1% 
moisture content happens. There is a positive relationship between the change in moisture and 
the change in the weight of aggregate; the greater the change in moisture, the greater the weight 
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of aggregate needed. It is shown from Table 2.2 below that the finer the aggregate is, the more 
the range of the moisture content increases. The reason behind that is the increased aggregate 
surface area by weight. The SCC uses about 48-55% fine aggregates of the total aggregate 
weight, which is considered to be high in comparison to the conventional concrete, which 
increases the possibility of being affected by the change in moisture content (Controlling water 
in self compacting concrete production, 2010). 
 
Table 2.2 - Typical moisture ranges for concrete aggregates (Controlling water in 
self compacting concrete production, 2010). 
Size  Moisture % Range  
Fine Sand  0 to 16  
Coarse Sand  0 to 12  
8 mm  0 to 10  
10 mm 0 to 4  
12 mm 0 to 3  
20 mm  0 to 2  
 
 
The volume of the water distributed into the concrete mixer is also affected by the 
variation of water content. Significant effects on the workability of the SCC will be taken under 
consideration when a change of 24 liters of water occurs as a result of 1% change in water 
content. Any changes in the water content could affect the strength of the concrete since the 
compressive and tensile strengths of concrete are highly dependent upon its water/cement ratio. 
The w/c ratio and creep are related to each other, so the durability of the concrete could be 
affected by the change in moisture too. It is possible to face shrinkage during hydration due to 
the change in water content since it is related to the internal water consumption. There are direct 
and indirect effects of moisture variation that could also reach the flowability of the SCC. The 
flowability properties of the concrete are related to the aggregate grading which could be 
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affected by the change in water content as mentioned earlier. The interactions between the 
changes in dry aggregate grading and aggregate surface area with the usage of high-range water 
reducers could also be considered to cause an indirect effect. One way to avoid and lessen those 
effects is to use the viscosity modifying agents (Controlling water in self compacting concrete 
production, 2010). 
 
2.2.3 Methods to Determine w/c 
Rapid determination of the composition and potential strength of fresh concrete is 
becoming very important in the area of modern construction technology nowadays. An ideal time 
for testing fresh concrete properties would be prior to placing it in the forms after casting. 
Knowing whether the concrete qualifies the job specifications or not is related to the 
determination of w/c ratio at an early point. There are several factors that specify whether a 
method could be considered ideal or not such as: accuracy (95% confidence level), fast (takes 
less than 15 minutes), easy to perform, inexpensive, applicable in the field, and independent on 
components type. (Ramme, 1989) The determination of w/c ratio is one of the main factors in 
testing the quality of fresh concrete and is considered one of the hardest parameters to measure 
(R, 1987).  
 
The Buoyancy Method 
This method explains how the rapid determination of water to cement ratio of fresh 
concrete could be done rapidly using the buoyancy principle of Archimedes (Robert Resnick, 
1970): “A body wholly or partly immersed in a fluid is buoyed up with a force equal to the 
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weight of the fluid displaced by the body." based on the experiment done by Naik and Ramme, 
the specific gravity of cement, aggregates, and aggregate to cement ratio must be measured 
before performing the test to be able to calculate the water to cement ratio. While performing the 
test the cement weight ratio and SSD (saturated surface dry) aggregates can be also determined. 
They have performed 8 different tests and the results were reasonably accurate with a 4.1 
average percent error (Ramme, 1989).  
 
The experiment was performed by preparing a container filled with 22lb concrete and 
0.2in water. Entrapped air is removed by stirring the concrete and water. Then the container is 
filled with water and is removed by sliding the stirrer across the surface. Next the overflow water 
is removed from the container to be able to get the underwater weight of concrete. Finally the 
water to cement ratio could be measured using the obtained values. This method could be 
considered effective in a way as it enables a rapid determination of the w/c ratio. On the other 
hand when considering the minor changes in the materials used in concrete, results could 
significantly be affected. And when applying such method with concrete containing cementitious 
material, it would result in losing some of those materials based on the way this experiment 
works. (Ramme, 1989) 
 
James Cementometer Method 
The James Cementometer is one of the devices used to determine w/c ratio of wet cement 
and concrete. This device has several benefits such as: simple and fast to use, provides accurate 
results, completely portable, and it provides full range of w/c ratio’s immediate readings. The 
dielectric constant of the material that is being tested could be measured using two prong sensors 
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connected to the material. The changes in water content have a significant influence on the 
sensor results since the dielectric constant of water is 4 to 8 times greater than most aggregates 
and cements. Several reading must be taken in order to get a valid one, and then integrated 
microprocessor should be used to convert the result and get the moisture content. There are two 
different types of Cementometers for different w/c ratio ranges; Type R deals with normal w/c 
ratios ranging from 0.35 to 0.65 and the Type L deals with low w/c ratios ranging from 0.25 to 
0.5. The device’s settings are designed to handle type I, II, and III cements. More than that the 
device can store more than 150 readings with time and date. The full unit of the device would 
cost approximately $2,000 (James Cementometer). 
 
 The Cementometer was used by some reasearches such as Peterson and Sutter in their 
studies regarding the determination of w/c ratio. The device has a lot of advantages as mentioned 
earlier but they have found from their experiment that w/c ratio results were not accurate in a 
quality control manner. Their study tested both factory and user calibrated setting to determine 
the w/c ratio. They have concluded that the different types of chemical used in concrete (SCC 
type of concrete) influences the performance of the device; affects the dielectric constant of 
concrete, which is an important key in determining the w/c ratio (Peterson, 2011). 
 
Gravitational Analysis using Microwave Method 
This method is going to be applied in this research for both conventional concrete and 
SCC to determine the w/c ratio of freshly mixed concrete. The experiment can be done using a 
microwave of a 900watt power or more to dry the concrete samples for several time intervals. 
The weight of concrete sample must be recorded after each time interval until the change in 
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weight is less than or equal to 1 gram. The standard provides the procedure that could be used to 
calculate the water content. (Hershberger, 2015) The experiment has showed many successful 
results when studied by several researchers. Peterson and Sutter have studied this method and 
described it as a promising method for on-site w/c ratio determination and gives accurate results. 
Many researches have been done using this method to test regular concrete mixes but few were 
done on SCC.  
Previous studies have showed that the moisture content, percent absorption values, and 
specific gravities could be measured by drying aggregates rapidly using the microwave oven 
method. (Ramme, 1989) During this method, the mass loss would be known as the evaporable 
water when assuming all water was removed by the microwave. The difference in mass between 
initial fresh concrete and dried one was represented as water content of sample, the w/c could be 
measured then using the mix design’s cement content. The first eight concrete mixes Naik and 
Ramme tested using this method were 100% Portland cement with w/c raging from 0.36-0.73 
and the results varies with an error of +28% to -11% (Ramme, 1987). Following this further, a 
research was done Jonathan Rebelo to evaluate the test methods for determining the w/c of fresh 
and hardened concrete. He concluded that not obtaining a representative sample when applying 
this method was considered as the number one source of error. It was also concluded that an 
aggregate correction factor must be taken under consideration when testing concrete using the 
microwave method (Rebelo, 2014). Jared Hershberger did a research on the determination of w/c 
of SCC and conventional concrete using the microwave method. It was concluded that 
implementing a correction factor or a modification to the experimental method may provide 
more accurate results (Hershberger, 2015). 
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2.3 Ultrasonic Testing 
2.3.1 Fundamental Principle of UPV Method 
It is important to distinguish and study the properties of the materials used in a structure 
to extend its lifetime. NDT tests can be used as a strategy that could be followed to evaluate the 
conditions, estimate the quality, and determine the strength of concrete.  The ultrasonic pulse 
velocity method is used in structural engineering to determine material properties such as the 
strength of concrete. The method can also be used to check uniformity of concrete, detect 
cracking and voids in concrete, control the quality of concrete and its products (by comparing 
results to similar concrete), detect deterioration and condition of concrete, and to detect the depth 
of a surface crack.  The characteristics of wave propagation that are used to determine those 
properties are: velocity, attenuation, frequency, and energy (Ismail Ozgur Yaman, 2001). 
 
During the Ultrasonic test the concrete sample that is being tested will be in contact with 
an electro-acoustical transducer from one side, which will produce a pulse of three distinct types 
of elastic wave propagation. The fastest of these waves is known as the longitudinal compression 
or P-wave and is know for its particle displacements that travel in the same direction as the 
disturbance. Second are the surface waves, which are known to be the slowest and have an 
elliptical particle displacement. Finally the shear or transverse waves that have particle 
displacement at right angles to the travel direction and are faster than surface waves. The wave 
velocity depends on the mass and the elastic properties of the material. The determination of the 
elastic properties of the material becomes easy when the mass and velocity of wave propagation 
are known (I. Lawson, 2011). The compression wave velocity for infinite, isotropic elastic, 
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homogeneous material can be determined according to the “The European Classification of 
Exposure Environmental for Concrete” using the following equation:  
𝑉! =   
!  (!!!)
! !!! (!!!!)
                                                                                                           (2)  
Where 𝑉! = Compressive wave velocity (km/s), E = the dynamic Young’s modulus of elasticity 
(kN/mm2), v = dynamic Poisson’s ratio, and ρ = mass density (kg/m3).  
 
While performing the contact testing applications ultrasonic couplants are usually used to 
help the transmission of the sound energy between the transducer and the tested sample. 
Couplants will usually be viscous, nontoxic liquids, gels, or pastes. The usage of these couplants 
has many benefits and could really improve the results of the test. It is important to use them 
because the sound energy at the ultrasonic frequencies used in nondestructive testing is not 
transmitted through the air in an effective way. Any air gap between the transduced and the 
sample that is being tested even if it was a really thin one will result in an inefficient sound 
energy transmission. It is basically impossible for the conventional testing to happen when there 
is an air gap between the sample and the transducer. There are many alternatives that can be used 
in different applications as ultrasonic couplants such as: water, motor oil, grease, and hair gel. 
But when performing high temperature testing, the specially formulated couplants are more 
recommended for better results. Moreover testing in nuclear industry requires a special kind of 
couplants; couplants with limited halogen and sulfur (Ultrasonic Couplants). 
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2.3.2 Factors Affecting UPV Test 
Despite the fact that the ultrasonic testing is an important method that helps determine the 
properties of concrete, the results could be influenced by several factors. Those factors could be 
categorized into two different types, the ones caused by the concrete behavior or those associated 
with the technical errors such as human errors.   
 
 
Size and Type of Aggregate 
 Many researches have found that there is a significant relationship between the size and 
type of aggregate and the UPV results, which would influence the concrete properties. According 
to the studies done by Jones, Trtnik, Kavcic and Turk the concrete that has a higher aggregate 
content would have a higher pulse velocity when strength of concrete is fixed (Jones R. , 1962) 
(Trtnik G., 2009). Following this further, Berriman, Purnell, Hutchins and Neild have found that 
the concrete aggregate content could highly affect the speed of sound (Berriman, 2005). But it 
should be taken under consideration that it’s right that the strength of concrete and UPV result 
are affected by the concrete aggregate content but not to the same extent; the UPV results are 
more influenced by the vibrations of the aggregate size and type than the strength (Trtnik G., 
2009). Some studies have showed the relationship between the aggregate type and the UPV 
results; when comparing three samples that have same mixture and compressive strength it 
would show that the highest pulse velocity would result from the concrete with crushed 
limestone, then crushed granite would have an intermediate velocity, and finally the rounded 
gravel would give the lowest value (Jones R. , 1954). 
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Water to Cement Ratio (w/c) 
 The effect of the moisture content in concrete is important for the determination of the 
strength of concrete. There is a study done by Ye, Lura, Van Breugel, and Fraaij where they used 
three concrete samples with different w/c ratios (0.4, 0.45, and 0.55), the result of the study 
showed that as the w/c ratio gets lower the values of the UPV test gets higher as shown in Figure 
2.3, which might be related to the higher amount of solids in the mixes. Samples that have lower 
w/c ratio would contain higher amount of aggregate and that would result in an increase in UPV 
values (Ye, 2004). 
 
Figure 2.3 - effects of w/c on UPV results (Ye, 2004). 
 
Kaplan who also studied the relationship between UPA values and w/c ratio of the 
concrete also concluded that there is a negative relationship between w/c and the strength of 
concrete and UPV test results. He have also proven that at later ages of curing when the volume 
of pores is less, the effect of w/c on the pulse velocity would be more clear (Kaplan, 1959).   
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Admixture 
 Silica fume (SF) and fly ash (FA) are some of the effective admixtures that could be used 
in concrete. The density of concrete could be improved due to the pozzolanic reaction caused by 
silica fume. They are effective as they could reduce permeability as a result of their ability to fill 
in voids. Fly ash admixtures could be used to fill micro-voids between cement particles in self-
consolidating concrete (Gebretsadik B. T., 2013). The effect of using silica fume and fly ash 
instead of Portland cement (PC) on UPV results in self-consolidating concrete was studied by 
Ulucan, Türk and Karata. They have concluded that as FA replacement of PC increases the UPV 
values would decrease for the SCC at 3 and 7 days. They’ve also found that UPV results would 




 As the curing age of concrete increases the void spaces would decrease which is the 
reason why the concrete would be stronger. As the gel/space ratio (which is affected by time) 
increases the volume of pores decreases and the wave propagation increases due to the fact that 
pulse velocity in voids is less than solids and liquids. (Ikpong A.A., 1993) Studies have showed 
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Volume of Steel Fibers 
 The density of the concrete would increase as a result of adding steel fibers since it has a 
high specific gravity, 7.84. Based on the wave propagation theory, an increase in the material 
density would result in a decrease in the wave velocity in it, which would lead to lower UPV 
values influenced by the high density steel fibers used. There are some studies done by Al-
Owaisy show that high volumes of steel fibers might result in a decrease in the UPV results. And 
that’s due to the appearance of voids and non-homogeneity in Steel Fiber Reinforced Concrete 
(SFRC), which affects the UPV significantly (Al-Owaisy, 2006).  
 
Other Factors: 
There are many other factors that could affect the UPV test results and must be taken 
under consideration such as: temperature, moisture condition, surface roughness, varying 
pressure on transducers, and porosity. According to Malhotra and Carino the surface roughness 
and porosity are known to cause the most significant effects. They have also reported that the 
large differences in temperature (≥ 30°) affected the test values. According to their results, the 
UPV values increased with the moisture content and decreased with increasing porosity, 
temperature, and air pockets between transducers interfaces (Malhotra, 2004).  
 
2.3.3 Methods of Testing UPV 
There are three main ways in which the transducers can be arranged, and those will 
determine a different method of testing as shown in Figure 2.4. The first method is called direct 
transmission where the transducers will be placed opposite to each other on the faces of the 
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concrete sample. Second method is called the semi-direct transmission where the transducers 
will be placed adjacently on the faces of the concrete sample. The last method is called the 
indirect transmission where the transducers will be placed on the same face of the concrete 
sample (Kaouther, 2014). 
The direct transmission method is considered to be the most accurate and trusted one, 
that’s because the transmission of the maximum pulse energy is measured at right angles to the 
face of transmitter. Regarding the determination of the quality of concrete, using the direct 
method would be the best option since it provides a well-defined path that could be measured 
easily (Malhotra, 2004). 
As for the semi-direct method the results would sometimes be satisfying that’s only when 
the angle between the two transducers is not too large, and the length of the path is not too large. 
When performing this method it is important to qualify the previous requirements in order to get 
the best results. Otherwise there would be a big chance that the signals will not be clear because 
of the attenuation of the transmitted pulse. The length of the path in this method is not clearly 
defined as the direct transmission method that’s because the size of the transducer is limited. It 
would be sufficient to measure the length of the path from center to center of transducer faces 
(Malhotra, 2004). 
Out of the three testing methods, the indirect method is known to have the least satisfying 
results, and that’s because the amplitude of the received signal could be less than 3% compared 
to a received signal of a direct transmission. The receiving signal is highly exposed to errors 
since it depends mostly on the propagation of the pulse (Malhotra, 2004).  
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Figure 2.4 - (a) direct, (b) Semi-direct, (c) Indirect (Kaouther, 2014). 
 
 
2.3.4 Advantages and Limitations 
 The ultrasonic pulse velocity test is one of the most important non-destructive methods 
used to determine the uniformity of concrete. The test procedure is simple and the equipment 
used is available in the market and easy to use. The ultrasonic pulse velocity test can be applied 
on both small specimens at the laboratory or large concrete structures at the filed. The devices 
used in this test have a high penetrating power, which provides a deep detection of flaws in 
tested samples. They are also very sensitive in a way that allows the detection of extremely small 
flaws. The test does not require more than two surfaces that should be accessible in order to be 
done. The ultrasonic pulse velocity method has more accuracy in determining how deep are the 
internal flaws compared with the other non-destructive methods. More than that UPV test is 
capable of determining the size, shape, and nature of defects (Malhotra, 2004). 
 
Some inspection procedures are required for this non-destructive testing method. Before 
performing the test, users must make sure that both transducers are connected with the right 
wires. It is difficult to test samples that are rough, irregular in shape, very thin, or not 
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homogenous. More than that, the surface of the sample needs to be clean before performing the 
test otherwise anything that is on the surface would affect the results. Moreover the tested 
samples must be water resistant and the usage of couplants is needed for better reading and 
results (Malhotra, 2004) (Gebretsadik B. T., 2013).  
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CHAPTER 3: Experiments and Results 
3.1 Casting and Mix Design  
For the purpose of this study, two different concrete castings were held at West Virginia 
University’s concrete lab, one was for the conventional concrete and the other one was for the 
SCC. The materials used for the castings were obtained from Central Supply Company. 
Additionally, the chemical admixtures required for conventional concrete and SCC castings were 
from Euclid Chemical and BASF, respectively. The moisture content of aggregates used in the 
mix was determined based on ASTM C566 – Standard Test Method for Total Evaporable 
Moisture Content of Aggregate by Drying (ASTM, 2013).  
𝑃   =    !""  (!!!)
!
                                                                                                                  (3) 
Where: 
P = moisture content of sample, % 
W = original wet mass of sample  
D = dry mass of sample  
 
The moisture content of large aggregate from the casting of fly ash mix concrete was 
determined to be approximately 0.669% and the moisture content of fine aggregate was 
determined to be 4.697%. With SDD equals to 1.9% of fine aggregate and 0.5% large aggregate, 
the extra moisture contents were approximately equal to 2.794% for fine aggregate, and 0.169% 
for large aggregate. The w/cm ratio was approximately 0.402 in this concrete mix. As for the 
SCC casting, the moisture content of large aggregate was determined to be approximately 
2.365% and the moisture content of fine aggregate was determined to be 8.558%. With SDD 
equals to 1.9% for fine aggregate and 0.5% for large aggregate, the extra moisture contents were 
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approximately equal to 6.658% for fine aggregate and 1.865% for large aggregate. The w/cm 
ratio of the SCC mix was approximately 0.342.  
 
Both SCC and regular concrete were casted using the laboratory drum mixer based on the 
ASTM C192 - Standard Practice for Making and Curing Concrete Test Specimens in the 
Laboratory (ASTM, 2016). Total of 1.8-ft3 regular concrete was produced during the first 
casting. During this casting three 3”x4”x16” concrete prisms were made using steel molds, 
which will be tested using the ultrasonic method. And total of eleven 4”x8” cylinders were 
casted which will be used to determine the compressive strength. Finally two samples of 
approximately 1500 grams of concrete each were used for the microwave test to determine the 
w/c ratio of the mix. As for the second casting, total of 1.8-ft3 of SCC was produced. The same 
number of the 3”x4”x16” specimens was casted for the purpose of the ultrasonic test. And more 
than ten 4”x8” cylinders for the compressive strength test. And approximately two samples of 
1500 grams each for the microwave tests. Both mix designs for the two different castings are 
shown in the tables below.	  
Table 3.1 – Theoretical Mix Design for 1.8 ft3 Conventional Concrete 
Material Amount 
Cement 22.67                 lb 
Fly ash 11.2                   lb 
Coarse Aggregate 118.86               lb 
Sand 94.02                 lb 
Water 13.62                lb 
AEA 5.61                  ml 
Retarder 30.04                ml 
WRA 30.04                ml 
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Table 3.2 – Theoretical Mix Design for 1.8-ft3 SCC 
Material Amount 
Cement 49                      lb 
Silica Fume 5                        lb 
Coarse Aggregate 
(#57) 99.95                 lb 
Sand 101.37               lb 
Water 18.49                 lb               
HRWR 159.68              ml 




3.1.1 Tests During SCC Casting  
(1) Slump Flow Test 
 The slump flow test can be used to measure the durability of freshly mixed concrete. It 
can be also used to determine the viscosity of the SCC mixture by measuring the time that takes 
the concrete to spread within a specific spread diameter. The slump flow test of SCC requires the 
same equipment used for the slump flow test of conventional concrete and its standardized as 
ASTM C1611. The equipment needed as shown in Figure 3.1 are a slump cone and nonabsorbent 
smooth, rigid plate that has minimum diameter of 915mm (36 in) and marked with a circle 
showing the central location for the slump cone. The slump cone was placed on the center of the 
board with the small hole facing down and held hard before being filled with concrete. The cone 
was filled and the excess material was removed from the testing area. Then it was removed up 
above the board at a distance of 225mm with a stable motion so that it doesn’t affect the 
concrete’s flow. After waiting for the concrete to stop flowing, the largest diameter of the 
resulting circular spread of concrete was measured. Then a second diameter of the circular 
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spread of concrete was measured at approximately a perpendicular angle to the first diameter. 
The slum flow could be calculated by taking the average between the two diameters as shown by 
equation (4) provided by ASTM C1611 (ASTM, 2014). The slump flow of the SCC casting was 
measured to be 23 inches that is within the acceptable range which is 22-30 inches. 
 
Figure 3.1 - SCC Slump Flow Test 
 
𝑆𝑙𝑢𝑚𝑝  𝑓𝑙𝑜𝑤 = (!1!!2)
!
                                                                                                      (4) 
Where: 
d1	  =	  the	  largest	  diameter	  of	  the	  circular	  spread	  of	  the	  concrete	  (in) 
d2	  =	  the	  circular	  spread	  of	  the	  concrete	  at	  an	  angle	  perpendicular	  to	  d1	  (in) 
 
(2) T50 (T20)  
During the slump flow test, the viscosity of the SCC mixture was determined by 
measuring the time it took the concrete to reach the spread diameter of 50 cm (20 inch) from the 
moment the slump cone was removed and that’s called T50 (T20). The acceptable time typically 
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varies between 2 and 7 seconds for a stable SCC and the T50 of the current laboratory SCC mix 
was recorded to be 6.5 seconds which indicates that the mix had an acceptable viscosity and 
good flowability.  
 
(3) Visual Stability Index (VSI)  
The visual stability index is used to test the resistance of the mix to segregation and can 
be determined when the slump flow test is done. The VSI value that would be assigned to the 
mix ranges from 0 to 3 depending on the condition of the mix spread. 0 would be given when the 
mix spread is highly stable without any signs of bleeding or segregation and 3 would represent a 
highly unstable spread with obvious segregation signs. According to ASTM C1611 the VSI 
would be determined after the concrete stops spreading. It could be assigned depending on three 
main factors, the distribution of coarse aggregate within concrete mass, the distribution of mortar 
fraction, and the bleeding characteristics. The VSI of the SCC mix was determined to be 1 to 2  




Figure 3.2 - Visual Stability Index Values (ASTM, 2014). 
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(4) J-ring Test  
The J-ring test is standardized as ASTM C1612 and is used for the determination of the 
passing ability of SCC; its ability to flow under its own weight and fill all spaces within the 
working area. The same equipment used for the slump flow test is needed for this test in addition 
to the steel J-ring. And also the same procedure used for the slump flow test but with placing the 
steel J-ring around the flow cone. The J-ring for the SCC casting was measured to be 16.5 inches 
and that brings the difference between slump flow and J-ring to 6.5 inches which means a 
noticeable to extreme blocking based on Table 3.3 below. That high blocking was the result of 
using #57 coarse aggregates instead of #67.   The current SCC mix does not satisfy the J ring 





Figure 3.3 - SCC Slump flow Final Spread 
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Figure 3.4 - SCC J-ring Test 
 
	  
  Table 3.3 - Blocking Assessment (ASTM, 2014)	  
 
(5) Air-Content Test   
 The air content test is important since the freeze-thaw durability and compressive 
strength of concrete are influenced by its air content. According to ASTM C231 - Standard Test 
Method for Air Content of Freshly Mixed Concrete by the Pressure Method (ASTM, 2014). A 
type B pressure meter was used to determine the air content during the SCC casting. The 
measured air content of the fresh SCC was approximately equal to 2.7% which was considered to 
be low. A typical air content for concrete with a ¾-inch maximum-size aggregate would equal to 
6%.    
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3.1.2 Compressive Strength of Fly Ash and SCC Castings 
The compressive strength of both conventional concrete and SCC were tested at 1, 3, 7, 
14 and 28 days at West Virginia University’s Concrete Laboratory according to ASTM C39 
using the cylindrical concrete specimens (ASTM, 2011). The different materials used to develop 
both concretes would affect the compressive strength of each in addition to the effects caused by 
the different air contents and w/c ratios.  
  












1 1250 5000 
3 2775 7958.3 
7 3537.5 9125 
14 4041.7 10000 
28 4583.3 12500 
 
The concrete specimens used to test the compressive strength were cured at the same 
laboratory temperature for both SCC and fly ash castings. It is shown from Table 3.4 that 
generally SCC has a much higher compressive strength than conventional concrete; SCC has a 
static compressive strength of 5000 psi at day 1, which is higher than what fly ash has at 14 days. 
The w/cm is about 0.342 for SCC and 0.402 for fly ash. However, the compressive strength of 
SCC was much higher as shown from the table. That’s usually because of, high cement content 
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in SCC and low water cement ratio which improves the interface between the aggregate and 
hardened paste.  
 
3.2 Microwave Test to Determine w/c  
3.2.1 Test Procedure  
The main objective of this experiment is to be able to determine whether the microwave 
method would be an effective and accurate method for the rapid determination of w/c ratio of 
freshly mixed concrete; both conventional and SCC. There are many concrete applications that 
would require a rapid and on-site determination of w/c ratio due to the effects that might occur as 
a result of varying w/c ratios such as large concrete constructions or when using SCC. It would 
also help determine the reliability of the concrete that is being used and whether or not it satisfies 
the job requirements, which would help avoid any future errors.  
The experiment does not require a lot of equipment and could be done with a simple 
setting; it requires a microwave oven with strength of 900 watts or more, glass trays that could be 
used for the microwave and be able to hold approximately 1600 grams concrete sample, heat-
resistant mittens, grinding pestle, and a weighing device with an accuracy of 0.1 grams. The 
procedures used for this experiment are summarized below based on AASHTO T 318-02:  
1. Measure the weight of the clean and dry glass tray and record it as WS. 
2. Place tray on the scale and zero it. Place 1500 ± 100 grams of sample and test it. 
3. Determine the weight of both the concrete sample and glass tray and record it as WF.  
4. Place the sample with the glass tray in the microwave at a 900-Watt power for 5.0 ± 0.5 
minutes.  
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5. After the first drying cycle, remove the sample from microwave for no more than 60 
seconds. Separate large aggregates from mortar using the grinding pestle and break all 
clumps to disclose the maximum amount of mortar. It is important to make sure not to 
lose any amount of the sample while mixing.  
6. Return sample to the microwave for the second trial: leave in the microwave at a 900-
Watt power for another 5.0 ± 0.5 minutes. Then remove the glass tray and stir the sample 
for no more than 60 seconds.  
7. Now place the sample in the microwave at a 900-Watt power for 2.0 ± 0.5 minutes. 
8. Remove the tray with the sample and stir to disclose the mortar. Then record the mass of 
the tray and sample.  
9. Steps 7 through 9 must be repeated until the weight change is less than 1 gram. Then that 
should be recorded as WD to end the experiment.  
The water content of the sample in this method could be calculated using a specific equation as 
shown below:  
𝑊𝐶   =    !""∗(!"!!")
(!"!!")
                                                                                                         (5) 
Where:  
WC = water content of sample as a percentage  
WF = mass of glass tray + fresh test sample 
WD = mass of glass tray + dry sample 
WS = mass of glass tray + cloth  
The theoretical amount of each material used in the sample could be determined by 
knowing the distribution of those materials using the percentage of each material within the mix. 
For example if the total material batched is 2540 grams of the mortar mix made at the laboratory 
	   49	  
and total of fine aggregates is 1600 grams, the percentage of fine aggregate would approximately 
equal to 63.0% of the mortar sample. How much of each material occur in the sample could be 
determined by multiplying theoretical content of each by the size of sample. The determination 
of the amount of free water and the total evaporable water is dependent of the previous 
calculations. Following this further, the calculated free water would be used to determine w/cm 
ratio of mortar mix, which could be done by dividing it by theoretical cementitious material 
content of sample.  
For the purpose of this experiment, it is assumed that small amount of water will be lost 
as a result of the reactions that could happen during mixing. So all water was assumed to be 
regained. A spreadsheet was created for the calculations of the w/c ratio of the mix using the 
method described earlier which includes calculating: theoretical cement content, fine aggregate, 
larger aggregate, total water, and free water in the sample. An example of the spreadsheet used 
for the calculations of this experiment is shown in Jared’s thesis (Hershberger, 2015).  
 
3.2.2 Experimental Data and Result   
The equations and procedure used for the determination of water to cement ratio are the 
same for both experiments done with fly ash and SCC. The equation which was used to calculate 
the free water within the concrete samples was done by subtracting both the theoretical fine 
aggregate content multiplied by the fine aggregate SDD and the theoretical large aggregate 
multiplied by the large aggregate SDD. This process is represented in equation form below.  
 
𝑆𝐹𝑊 = 𝛥𝑊 − !"∗!"#∗!!"#$
!"#
   −    !"∗!"#∗!!"#$
!"#
                                                                        (6) 
 Where:  
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SFW = sample free water (grams) 
ΔW = total weight change over experiment (grams) 
SW = sample weight (grams) 
MFA= mix design fine aggregates content (lb/yd3) 
MTW = mix design total weight (lb/yd3) 
SSDFA = saturated surface dry of fine aggregate (1.9% for both experiments) 
MLA= mix design large aggregates content (lb/yd3) 
SSDLA = saturated surface dry of large aggregate (0.5% for both experiments) 
 
After the free water in the sample is determined, the theoretical cementitious can be 
readily calculated using the process described above. The equation used to determine the 




                                                                                                                                (7) 
Where: 
CMS = theoretical sample cementitious content (grams) 
MC = mix design cementitious content (lb/yd3) 
SW = sample weight (grams) 
MTW = mix design total weight (lb/yd3) 
 
The calculated w/cm ratio can then be found using the following equation.  
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𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑  𝑤/𝑐𝑚 = !"#
!"#
                                                                                                             (8) 
Where: 
SFW = sample free water (grams) 
CMS = theoretical sample cementitious content (grams) 
 
The error of the test results with relation to the actual w/cm is calculated using the equation 
shown below.  
%  𝐸𝑟𝑟𝑜𝑟 =    !"#$%#"&'(  !/!"!!"#$%&  !/!"  
!"#$%&  !/!"
                                                                                      (9) 
 
By dividing the sample free water by the theoretical cementitious content, the theoretical 
w/cm ratio can readily be calculated at each step of the experiment. When the change in weight 
of a given sample is less than 1 gram, the experiment should be done and the final calculation of 
the w/cm is performed.   
 The same process and equations were used when testing concrete samples for all castings. 
The given w/c for the fly ash and SCC is 0.402 and 0.342 respectively. For the first fly ash 
casting, one sample was tested with a % error of -10.5. As for the SCC casting, two samples 
were tested and the maximum error observed was 12.8 %. The average of the magnitude of the 
error was found to be 10.35 % for SCC. Finally for the third casting, two samples were tested 
with a maximum error of -4.7%. And the average of the magnitude of the error was found to be 
2.45%. The results from the three different castings are shown below in Table 3.5. 
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#1 1539.2	   98.2	   204.6	   0.315	   -­‐7.9	  
Sample 





#1 1426.8	   78.4	   187.7	   0.383	   -­‐4.7	  
Sample 
#2 1552.3	   75.5	   204.2	   0.401	   -­‐0.2	  
 
 
As we can see from the table above that the two samples of SCC showed different 
accuracy when compared with both results for Fly Ash. One reason might be considered behind 
this is the fact that self-consolidating concrete is more	   sensitive	   to	   changes	   in	   aggregate	  
moisture	  contents	  than	  conventional	  concrete.	  One or two rocks, added or removed from the 
test sample can produce a significant error in the test result. There are several sources of error in 
the results of the microwave method including loss of material while drying and processing, non-
representative aggregate content in the sample, and not correcting the measured water for water 
absorbed by aggregates.	   
 
In the past, researches have tried to modify the method by using sieved mortar samples to 
determine whether these samples could provide more accurate results or not. It was predicted 
that testing mortar samples potentially might produce more accurate results. But for the purpose 
of this study some other modifications were applied to the method to determine whether they 
could give more accurate results or not. The same samples that were tested using the microwave 
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were sieved out after they become fully dry using a No.4 sieve to separate large aggregates and a 
No.270 to separate fine aggregates. Then the w/cm was calculated based on the new values of 
large aggregates, fine aggregates, free water, and cementitious material. Those results were 
compared to the first results from the microwave testing to determine which would provide more 
accurate results. The samples from the Fly Ash casting and SCC casting were tested using this 
method and results are shown in Table 3.6 below.  
























#1 1539.2	   96.6	   163.1	   0.592	   73.24	  
Sample 
#2 1560.5	   126.5	   156.8	   0.768	   124.52	  
 
 
It can be observed from Table 3.6 that the modified method using sieved samples could 
not produce more accurate results. The results for testing sieved samples of SCC showed more 
error than the sieved samples for Fly Ash concrete. Further investigation is needed to modify this 
method to obtain an accurate quantity of the cement powder from the sieved samples.  
It was observed that the results for concrete samples would differ than those for sieved 
samples for both conventional concrete and SCC. The two SCC sieved samples provided results 
with different accuracy. The reason behind that might be the sampling error; the proportions may 
not be uniform when getting the two samples from the same batch of concrete mix.  The reason 
why the sieved method provides an inaccurate result is that the amount of powder that is being 
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extracted from the large aggregates and the sand particles of the sample is not the correct cement 
powder amount. It is hard to get all of the powder out of the large aggregates and sand particles. 
 
3.3 Ultrasonic Method Experiment  
3.3.1	  Test	  Procedure	  	  
The main purpose of this experiment is to measure the travel time of pulse of longitudinal 
ultrasonic waves passing through concrete samples, which would be used to determine the 
Young’s modulus and compressive strength of concrete samples being tested. The ultrasonic 
pulse velocity method allows the examination of material homogeneity and is useful for defects 
identification. This method enables a continuous evaluation of the concrete performance during 
the entire structure’s service life. 
 
The ultrasonic pulse velocity experiment could be performed with a simple setting that includes 
three main components that would help get the right measurements: 1) two transducers, 2) a 
pulser-reciever unit, and 3) the data acquisition system as shown in Figures 3.5 and 3.6 below. 
The suitable equipment and standard procedures needed for this experiment are described in 
ASTM C597 (ASTM , 2009). The equipment that are used in the test must create a system that 
has the ability to generate a pulse, transmit this pulse to the concrete sample, receive the pulse, 
measure and display the time traveled. Repetitive voltage pulses are going to be formed and 
transformed as wave bursts using the transmitting transducer. The transmitting and receiving 
transducers must be coupled to the concrete using a suitable medium. The waves are going to be 
transformed as mechanical energy, which would be converted back to electrical pulses with the 
same frequency.  
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Figure 3.6 – A pulser-receiver unit and a data acquisition system (Bitscope) 
 
The travel time between the beginning and the reception of the pulse can be measured by 
the electronic timing device, and it can be read from an oscilloscope or a digital readout. 
Measuring the travel time is dependent on the detection of the compressive wave pulse, which 
may have very small amplitude at the beginning. When using an oscilloscope, the start of the 
pulse will be considered as the tangent point between the signal curve and the horizontal time 
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line. On the other hand, the pulse will have a shape that triggers the timer from the edge of a 
pulse when using digital devices.  
 
The wave travel time of the specimen in this test was measured using the “Bitscope” 
which is a test, measurement and data acquisition. A “Bitscope” application must be uploaded to 
the computer so that it can receive the information from the device. Every time the two sensors 
are placed on the concrete specimen the wave would show on the screen of the application as 
shown in Figure 3.7. The application	   captures, displays and records analog waveforms, logic 
traces, frequency spectra, X/Y plots and timing diagrams. It allows users to do all sorts of signal 
measurements by adjusting the parameters that are available on screen. The main display of the 
program is shown in Figure 3.7 below which includes the waveform, logic and spectrum 
displays, measurements and cursors.  
 
Figure 3.7 - Main Display of Bitscope 
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3.3.2 Experimental Specimens and Results 
Three 3”x4”x16” concrete specimens were prepared during both fly ash and SCC 
castings for the purpose of the ultrasonic pulse velocity test. After unmolding the three 
specimens were placed in a tank full of water (for curing) to prevent any changes in drying 
shrinkage and the weight and size were measured every single time before the test was 
performed. The length, base, and height of the specimen remained constant for the whole period 
of testing. The weight of the specimens remained constant too for the whole 28 days test period. 
 
Table 3.7 – Ultrasonic Wave Velocity Results of Fly Ash (Sample #3) 






 Young’s Modulus, 




1 108.1 3759.482 3.08E+10 4.23E+07 
3 95 4277.895 3.99E+10 7.09E+07 
7 91.4 4446.390 4.31E+10 8.27E+07 
14 88.6 4586.907 4.58E+10 9.37E+07 
28 87.3 4655.212 4.72E+10 9.94E+07 
 
 
It is shown from Table 3.7, that the wave travel time decreases as time passes and 
concrete becomes more mature, which means that when concrete gets stronger, the wave velocity 
increases, and it would take less time for the wave to travel. When the pulse velocity increases, 
the Young’s modulus of concrete specimens gets higher as the concrete gets stronger. The 
calculated compressive strength increases by time assuming that the strength is correlated to the  
Young’s modulus.  
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It is shown from Figure 3.8 and Figure 3.9 that there is a positive relationship between 
time and both wave speed and Young’s modulus of concrete samples; as the time increases, 
wave speed and Young’s modulus would increase too. Figure 3.9 represents the relationship 
between time and the dynamic Young’s modulus of sample #3 of fly ash concrete specimens 
using Poisson’s ratio equal to 0.2. It is also shown from the graphs that the rate of increase in 
wave speed and Young’s modulus values would be less when concrete samples get stronger; at 
14 and 28 days the results start to become constant.  
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Figure 3.9 – Young’s Modulus vs. Time of Fly Ash Concrete (ν= 0.2) 
 
 
It is shown from Table 3.8 that the wave travels faster in self-consolidating concrete 
when compared with conventional concrete. SCC has also much higher values for both Young’s 
modulus and compressive strength than TVC.  
 
Table 3.8 – Ultrasonic Velocity Results of SCC (Sample #3) 










1 92.3 4403.034 4.19E+10 7.84E+07	   
3 86.9 4676.640 4.73E+10 9.98E+07 
7 84.4 4815.166 5.01E+10 1.12E+08 
14 84.3 4820.878 5.02E+10 1.13E+08 
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It can be observed from Figures 3.10 and 3.11 that there is a positive relationship 
between time and both wave speed and Young’s modulus of SCC samples; as the time increases, 
wave speed and Young’s modulus would increase too. Figure 3.11 represents the relationship 
between time and the dynamic Young’s modulus of sample #3 of SCC specimens using 
Poisson’s ratio equal to 0.2. The results are almost identical to what resulted from testing Fly 
Ash samples. The only difference that can be shown from the graphs is that after 7 days of 
testing the results are becoming to be close to each other; it is almost constant between 7 and 14 
days.  It is also shown from the graphs that the rate of increase in wave speed and Young’s 
modulus values would be less when concrete samples get stronger.  
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CHAPTER 4: Analysis 
4.1 w/cm Using Microwave Method  
4.1.1 Calculated Concrete Samples and Calculated Sieved samples  
 To determine the difference between the experimental results of the concrete samples and 
the sieved concrete samples, both methods were plotted using the calculated concrete results 
versus the calculated sieved results from the table in Chapter 3. It is shown from Figures 4.1(a) 
and 4.1(b) that using sieved method would give higher values (more inaccurate values) than 
using just concrete samples in all three tests.  
 
 





















Given	  w/cm	  	  
w/cm	  of	  Concrete	  Samples	  	  
calc	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Figure 4.1 (b) – w/cm of sieved concrete samples 
 
4.1.2 Relationship Between Water Evaporation and Time in Microwave 
A plot was created using the resulted data after each weighing interval for each sample 
representing the correlation between water evaporation and microwave time as shown below in 
Figures 4.2 and 4.3. It is shown from the figures that as the time in microwave increase the water 
evaporation increases too. However it can be observed that the rate of increase decreases by the 
time and that’s because the change is weight is reaching the point where it becomes less or 
equals to 1 which can be seen in Figures 4.4 and 4.5. It can be observed from the Figures below 
that the change in weight became less than or equal to 1 gram after the 6th interval for SCC 
samples and the 5th interval for the conventional concrete. It can also be observed that at the first 
5 minutes the sample loses most of the water and then after the second 5 minutes it becomes less 
then after that the water loss becomes almost constant until it reaches the point where the change 
















Given	  w/cm	  	  
w/cm	  of	  Sieved	  Samples	  	  
sieved	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4.2 UPV  
4.2.1 Dynamic and Static Young’s Modulus of Concrete  
 
	  
Tables 4.1 and 4.2 show a comparison between the dynamic Young’s modulus resulted 
from the ultrasonic pulse velocity test and the calculated static Young’s modulus of concrete 
specimens for both Fly Ash and SCC. Its shown from the tables that the Young’s modulus of 
SCC at 1 day of testing is higher than that of Fly Ash at 28 days. It can be observed from the 
tables that Es and Ed don’t match, the dynamic Young’s modulus is much higher than the static 
Young’s modulus; it is almost doubled. The dynamic Young’s modulus resulted from the UPV 
test would always be the highest as mentioned earlier in chapter 2. The relationship between the 
dynamic and static Young’s modulus of concrete is not easily determined by analyzing its 
physical behavior due to the heterogeneity of concrete. The following equation was used to 
calculate the static Young’s modulus based on the compressive strength of concrete specimens:  
𝐸   = 57000   𝑓′𝑐                                                                                                                                              (10) 
Where: 
𝑓′𝑐 = Compressive Strength (psi) 
 
Table 4.1 – Static and Dynamic Young’s Modulus of Fly ash 
Day 
Measured  
f 'c (psi) 




1 1250 2.02E+06 4.46E+06 0.451 
3 2775 3.00E+06 5.78E+06 0.519 
7 3537.5 3.39E+06 6.24E+06 0.543 
14 4041.7 3.62E+06 6.65E+06 0.545 
28 4583.3 3.86E+06 6.84E+06 0.564 
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Table 4.2 – Static and Dynamic Young’s Modulus of SCC	  
Day 
Measured 
f 'c (psi) 




1 5000 4.03E+06 6.08E+06 0.663 
3 7958 5.08E+06 6.86E+06 0.742 
7 9125 5.44E+06 7.27E+06 0.749 
14 10000 5.70E+06 7.29E+06 0.782 




4.2.2 The Relationship Between Compressive Strength and Wave Speed 
 A correlation is set up and showed in Figures 4.6 and 4.7 with the data obtained from the 
experiment done on both Fly Ash and SCC using concrete specimens having dissimilar concrete 
mixture ratios. In order to develop a new correlation on concrete strength-UPV relationship, the 
curve that represents the experimental results produced from the ultrasonic velocity test and the 
curve that represents the calculated results produced in the laboratory are compared for both 
types of concrete; Fly Ash and SCC. The curves as shown in Figure 4.6 that represent that 
relationship for the calculated and experimental results of conventional concrete specimens are 
respectively given as: 
𝑦 = (3.0𝐸 − 11)  𝑥!                                                                                                                       (11) 
𝑦 = (2.0𝐸 − 19)  𝑥!.!"#!                                                                                                               (12) 
 Where, 𝑦 (psi) and x (m/sec) respectively represent the strength and velocity. R2 value 
was found to be 1 for the calculated curve and 0.998 for the experimental curve. The calculated 
curve represents the right relationship between compressive strength and the wave speed 
(𝑓!𝑐  ~  𝑉!!)  according to equations 2 and 10 mentioned in Chapter 2. Both Fly Ash curves keep 
increasing with the velocity being increased as shown in Figure 4.6 below.  
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Figure 4.6 - Strength vs. wave speed of Fly Ash Concrete specimens 
  
The curves shown in Figure 4.7 representing the relationship for the calculated and 
experimental results, respectively, of the self-consolidating concrete specimens are given as: 
𝑦 = (3.0𝐸 − 11)  𝑥!                                                                                                                      (13) 
𝑦 = 7.0𝐸 − 27   𝑥!.!"!#                                                                                                               (14) 
 Where, 𝑦 (psi) and x (m/sec) respectively represent the compressive strength and the 
ultrasonic velocity. It is shown from Figure 4.7 that R2 value was found to be 1 for the calculated 
curve and 0.922 for the experimental curve. The calculated curve represents the right relationship 
as mentioned earlier for SCC results too. The calculated results match for both cases but the 
experimental results differ depending on the different mixture ratios. The curve obtained from 
calculated results of Fly Ash and the curve obtained from calculated results of SCC increase 
parallel as velocity increases. It shown from Figure 4.7 that the experimental curve went off 
y	  =	  (2E-­‐19)	  x6.1401	  
R²	  =	  0.99839	  
y	  =	  (3E-­‐11)	  x4	  
















Vp	  (m/sec)	  	  
Vp	  vs.	  f'c	  
experimetal	  	  
calculated	  	  
Power	  (experimetal	  )	  
Power	  (calculated	  )	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which might be because the results at 7 and 14 days were too close to each other as the strength 
growth of the concrete specimens started to become constant. 	  
                                                
 
Figure 4.7 - Strength vs. wave speed of SCC specimens 
 
Figure 4.8 shows the relationship between compressive strength and time (1, 3,7, 14, and 
28 days of testing). It can be shown from the graph that SCC has a much higher compressive 
strength compared to normal concrete at the same days of testing the concrete specimens. The 
results for SCC are more than the double of the Fly Ash values. At day 1 of testing SCC 
specimen’s compressive strength reaches 5000 psi, which is more than what Fly Ash specimen 
reaches at 28 days of testing.  
 
y	  =	  (3E-­‐11)	  x4	  
R²	  =	  1	  
y	  =(7E-­‐27)	  x8.1912	  


















Vp	  (m/sec)	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Figure 4.8 - Compressive Strength vs. Time 
 
4.2.3 FEM Modeling of Concrete Specimens Using ABAQUS 
  ABAQUS software is used for FEM modeling for the purpose of this study. A concrete 
rectangular specimen was modeled in ABAQUS for both Fly Ash and SCC samples using their 
actual sizes and experimental properties resulted from the UPV test. Snap shot of the resulted 
model is given in Figures 4.9 and 4.10 for Fly Ash and SCC respectively. The experimental and 
FEM results such as stress distribution are compared. It can be shown from the Figures 4.9 and 
4.10 below that the wave travel time matches from the experimental results and ABAQUS 
results. For the SCC model it is reaching 94 µs and for the Fly Ash model it is reaching 110 µs, 

















f	  'c	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  Time	  
Fly	  Ash	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Figure 4.10 - Resulted model of SCC specimen Using 100 Elements in ABAQUS 
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 The SCC specimen was modeled with different number of elements to determine the 
difference between them and which number of elements would provide more accurate results. 
The graph shows the pulse propagating through the entire length of the specimen. For the 
purpose of this experiment 2 models have been made one with 25 elements and another with 100 
elements mesh shown in Figure 4.12. The initial loading pulse function used in this model has a 
duration of 10 µs as shown in Figure 4.11 and the resulted wave travel time through the entire 
length of the specimen measured from the experiment is 94 µs, so with a total of 100 elements 
for the specimen length, the 10 µs pulse would have a wave length covering about 10 elements. 
But with a total of 25 elements for the entire length, the pulse wavelength would only cove 2 to 3 
elements, so the wave propagation simulation was not performed well using only 25 elements. 
The duration of the initial loading function is 10 µs with a peak at 5 µs, and the 100-element 
model has a peak at 97.5 µs, so the arrival time of the wave is from peak to peak which would 
equal to 92.5 µs. Peak to peak measurements have been always applied when measuring the 
ultrasonic signals in bitscope as mentioned in previous chapters.  As shown in Figure 4.12, the 
results show that using 100 elements, the wave propagating velocity can be calculated accurately 
using the current FEM model. 
 
	   73	  
 



































Stress	  vs.	  Time	  
100	  elements	  	  
25	  Elements	  
	   74	  
CHAPTER 5: Conclusions and Recommendations 
5.1 Determination of Water Cement Ratio Using Microwave Method 
In this thesis the standard method for water content of freshly mixed concrete using 
microwave method was tested on both conventional concrete and SCC to determine their on-site 
water to cement ratio. Two testing procedures were used following AASHTO T318-02, which 
included the use of concrete samples and sieved sample. Both methods were used to determine 
the w/c ratio for the conventional Fly Ash concrete and SCC with different accuracy ranges 
between the two. The average error for TVC is 5.13% and for SCC is 10.35% using non-sieved 
samples. However, the results showed that the current method using sieved samples would not 
provide accurate results.  
The modified method using sieved samples for both SCC and conventional concrete 
samples provided higher % error of 19.15 % for Fly ash concrete sample and an average of 98.88 
% for SCC. The reason why the sieved method provides an inaccurate result is that the amount of 
powder that is being extracted from the large aggregates and the sand particles of the sample is 
not the correct cement powder amount. It is hard to get all of the powder out of the large 
aggregates and sand particles.  On the other hand, this method can be implemented for quality 
control use in the field for regular fly ash concrete mixes using non-sieved samples, providing 
promising and accurate results.  Further research is being conducted to improve the sieved 
method which will provide more accurate results. 
There is a concern with the method in calculating w/cm, which is the assumption of the  
uniform proportions when getting samples from the same batch of concrete mix. In addition, the 
assumption of moisture content of large aggregates is being recoverable. During this method the 
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total free water of the mix was determined by reducing the SSD moisture of the large and small 
aggregates from the total evaporated water. The fact that the moisture content of fine aggregates 
is easily evaporated does not necessarily imply that this could be the case for large aggregates 
too. Further investigations should be done in order to determine if those assumptions are valid.  
Due to the ease and technique availability of this testing and the potential of getting 
accurate results with some modifications, this method could be widely used in different 
applications to determine the w/cm of freshly mixed concrete based on the provided mix design 
properties. Further research is needed to provide more information on whether this method could 
be done on different concrete mixtures. 
 
5.2 Ultrasonic Pulse Velocity Test  
This study shows that UPV test provides very important result that could relate to the 
conditions of concrete structures. Due to concrete’s heterogeneity, it is hard to determine the 
relationship between UPV and strength of concrete since it is affected by w/c, type and size of 
aggregates and other variables. The results show that there is a good correlation between strength 
of concrete and UPV. It was concluded that there were some variations between the data resulted 
from different type of concretes such as: SCC and Fly Ash concrete. Those variations are 
resulted from the different w/c ratios and different types and sizes of aggregates. Understanding 
the effect of the variations of tests conditions on UPV results decreases the error in estimating 
the strength of concrete. 
It can be also concluded based on the FEM analytical models done using ABAQUS that 
the more number of elements is used the more accurate results can be obtained and that’s 
because the wave length needs to be covered by enough elements in order to be able to propagate 
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accurately. Less number of elements would not be able to produce an accurate wave propagation 
curve.  
This research shows that UPV test is a sensitive tool that has the ability to analyze 
variations in density and homogeneity of concrete samples. It can be concluded that the UPV test 
is one of the tests that could be applied on concrete to detect deterioration and to enable the 
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